Objective: To determine whether raltegravir-containing antiretroviral therapy (ART) intensification reduces HIV levels in the gut.
Introduction
Although combined antiretroviral therapy (ART) can reduce plasma viral load below 40 copies/ml, HIV persists as latent provirus, low-level plasma RNA, and cellassociated HIV RNA in peripheral blood mononuclear cells (PBMCs) and lymphoid tissues. It is unclear whether this residual HIV RNA results solely from reactivation of latent infection [1] [2] [3] [4] [5] [6] [7] [8] [9] or whether there is a contribution from cryptic, low-level but continuous rounds of new infection [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] or chronically-productive cells. Because persistent replication or chronic infection would require very different therapeutic strategies from those aimed at latent infection, the question is critically important for strategies aimed at eradication.
One approach to assess for ongoing replication is by intensification of suppressive ART with one or more additional agents whose activity affects a distinct part of the viral life cycle. Several recent studies of ART intensification in patients on contemporary ART with viral load below 40-50 copies/ml failed to show a reduction in plasma HIV RNA [1, 5, 8, 9, 19] . However, the plasma may not reflect changes elsewhere in the body, especially the lymphoid tissues, which are the major sites of HIV infection in untreated patients. Given the role of the gut-mucosal lymphoid compartment as a reservoir for HIV, we hypothesized that intensification may result in reductions in HIV RNA and/or immune activation that may be detected in the gut. Because different regions of the gut may vary in their ability to support productive infection, we performed a pilot prospective study to examine the effect of ART intensification with raltegravir (RLG) alone or in combination with a second agent on viral burden and T-cell activation in multiple regions of the gut.
Methods
Patient recruitment HIV-positive adults meeting entry criteria were recruited from two hospital-based HIV clinics. Inclusion criteria included: age 18-65 years; infection with HIV-1; ART for at least 12 months; no change in ART for at least 3 months; CD4 þ T-cell count above 200 cells/ml; and viral load below 40 copies/ml for more than 6 months prior to study entry. Exclusion criteria included factors that would increase the risk from sedation, endoscopy, biopsy, or intensification. The study was approved by the Institutional Review Board of the University of California, San Francisco.
Study design
The study was an open-label, pilot interventional study of 16 weeks duration. All participants had baseline clinical and laboratory evaluations followed by esophagogastroduodenoscopy (EGD) with 7-10 biopsies from the duodenum and colonoscopy with 7-10 biopsies each from the terminal ileum, right colon, and rectum. After baseline endoscopy, the ART regimen was intensified by adding RLG with or without a study protease inhibitor or non-nucleoside reverse transcriptase inhibitor (NNRTI) for 12 weeks. Participants who were not already on an NNRTI and who were suitable candidates had the option of adding a study NNRTI, whereas those who were not on a protease inhibitor had the option of adding a study protease inhibitor. Additional laboratory and clinical evaluations were done at weeks 1, 4, and 12. Repeat EGD and colonoscopy with biopsies were performed at week 12. Intensification was then stopped, and a final blood draw was done at week 16.
Endoscopy and biopsy
Esophagogastroduodenoscopy, colonoscopy, and biopsies were performed as described previously (S. Yukl, S. Gianella, E. Sinclair, et al., in preparation).
Processing of gut biopsies
Gut biopsies were immediately placed in Roswell Park Memorial Institute (RPMI) medium with L-Glu, penicillin/streptomycin, and 15% fetal calf serum for subsequent cell isolation. Six to nine biopsies from each site were separated into single cells using a modification of a published method incorporating both collagenase digestion and needle shearing (S. Yukl, S. Gianella, E. Sinclair, et al., in preparation) [20, 21] . Briefly, biopsies were subjected to three rounds of collagenase digestion, mechanical disruption (by passing through a blunt 16-gauge needle), clarification (by passing through a 70 mm cell strainer), and washing. The three aliquots of strained and washed gut cells were then combined, counted, and resuspended in phosphate-buffered saline (PBS) þ 0.1% bovine serum albumin (BSA) þ2 mmol/l ethylene diamine tetraacetic acid (EDTA). 5 Â 10 5 cells were set aside for flow cytometry, whereas the remainder was divided and frozen at À808C for subsequent DNA or RNA extraction. Of note, previous studies have documented that HIV DNA and RNA can be reproducibly quantified from a single endoscopic biopsy [22, 23] .
Processing of blood Sixty-eight millilitres of blood was collected for plasma and PBMC in Vacutainer ACD tubes with Solution A (BD). Plasma was obtained by centrifuging twice at 1000g for 10 min without braking. The buffy coat from the first spin was used to isolate PBMC by centrifugation on Ficoll according to the procedure recommended for Dynal Invitrogen Bead Separations. PBMCs were resuspended in PBS þ 0.1% BSA þ 2 mmol/l EDTA. Aliquots of PBMCs were collected for flow cytometry, HIV DNA, and HIV RNA. 6 Â 10 7 PBMCs were used to isolate CD4 þ cells by negative selection using the Dynabeads Untouched Human CD4 þ T Cell Kit (Invitrogen). 5 Â 10 5 CD4 þ T cells were saved for flow cytometry, whereas the remainder was frozen as cell pellets for HIV DNA and RNA.
Immunophenotyping Antibodies and fluorochromes included the following: CD45-APC, CD3-Pacific Blue (BD Bioscience), CD4-ECD (Beckman Coulter), CD8-Q-Dot605 (Invitrogen, Custom conjugate), CD38-PE (BD Bioscience), and HLA-DR-FITC (BD Bioscience). Staining, washing, fixing, flow cytometry, and data analysis were performed as described previously (S. Yukl, S. Gianella, E. Sinclair, et al., in preparation) [24] . Cells were gated on a scatter plot to remove debris, then sequentially gated for CD45 (to define total leukocytes), CD3 (to define T cells), and CD4 or CD8. CD38 and HLA-DR gates were set using Fluorescent-Minus-One controls for each marker on a PBMC sample then applied to PBMC and gut samples from the same participant. For each participant, gating was consistent between weeks 0 and 12.
High-volume plasma HIV RNA Plasma HIV RNA was measured using a modification of the Abbott m2000 assay [25, 26] with limit of detection (LOD) of less than 0.5 copies/ml (S. Yukl, P. Li, K. Fujimoto, et al., in preparation). Plasma (30 ml) was diluted 1 : 1 with PBS, divided in two portions, layered onto 10 ml of 6% iodixanol [OptiPrep Density Gradient Medium (Sigma) diluted 1 : 10 in PBS] in 50 ml polypropylene tubes (Beckton), and centrifuged at 47 810g for 3 h at 48C without braking. Viral pellets were resuspended in a total of 1000 ml of PBS and the HIV RNA was measured according to the Abbott M2000 protocol. Copy values were extrapolated from the Ct values of the standards and then adjusted for the concentration factor.
Cell-associated HIV DNA by real-time PCR DNA was extracted using the DNA Blood Mini Kit (Qiagen) and measured using a NanoDrop 1000 Spectrophotometer. Three replicates of 500 ng of DNA from each sample were then used in a real time Taqman PCR assay for HIV DNA that uses primers and a Locked Nucleic Acid probe from the Gag region. This assay detected a 10 copy standard 19/20 times (95%) with a mean value of 9.5 þ/ À 1.7 copies. External standards (10 5 to 1) were prepared from DNA extracted from serial dilutions of known numbers of 8E5 cells (NIH AIDS Reagent Program), each of which contains one integrated HIV genome per cell.
HIV DNA copy numbers were extrapolated from the Ct values of the samples and expressed as copies/10 6 cells (assuming 1 mg total DNA corresponds to 160 000 cells). To account for variation in the number of CD4 þ T cells in different samples, results were also normalized by the percentage of all cells that were CD45 þ CD3 þ CD4 þ (by flow cytometry) and expressed as copies/10 6 CD4 þ T cells. To verify the DNA concentrations and assess for PCR inhibitors, samples from four patients were assayed using a separate real time PCR for b-actin.
Cell-associated HIV RNA by reverse transcriptase real-time PCR (qRT-PCR) RNA was extracted using the Rneasy Kit (Qiagen) with on-column digestion using RNase-free DNase (Qiagen).
To maximize the sensitivity of the qRT-PCR assays, which approaches one copy per reaction [27, 28] , primers and probes were matched to each participant based on the sequence of the prevailing viral quasispecies in peripheral CD4 þ T-cell DNA. Unspliced HIV RNA (UsRNA) was measured using primers from the pol region (2536-2562 and 2634-2662). Multiply-spliced HIV RNA encoding for Tat and Rev (MsRNA tat-rev ) was measured using primers from tat exon 1 (5956-5979) and tat/rev exon 2 (8433-8459). Total multiply-spliced HIV RNA (MsRNA Tot ) was measured using primers from rev exon 1 (6012-6045) and tat/rev exon 2 (8433-8459). Probes were chosen from a panel of highly conserved wild-type probes that matched their target sequences by 100% [29] , except for MsRNA from patient 196, for which no matching wild-type probe could be identified, and for which an individualized probe was designed. qRT-PCR was done under the conditions described previously [30] .
HIV-1 RNA copy numbers (the mean of duplicate PCR measurements) were calculated as described previously (S. Yukl, S. Gianella, E. Sinclair, et al., in preparation) [27] and then normalized to the cellular input into the PCR, as determined both by total RNA concentration (measured by NanoDrop 1000, assuming that 1 ng RNA correspond to 1000 cells [31] ) and by levels of glyceraldehyde phosphate dehydrogenase (GAPDH) RNA (as determined by a separate qRT-PCR). Results (copies/10 6 cells) from the two different methods of normalization correlated well. To account for variation in the number of CD4 þ T cells in different samples, HIV RNA copy numbers were also normalized by the percentage of all cells that were
Statistics
Results from week 0 and week 12 were compared across all participants using the Wilcoxon signed rank test.
Results
Study population Of 14 patients who were screened, 13 met study criteria and 8 consented to enter the study. The eight participants had a median age of 51 years, median duration of HIV infection of 14.5 years, and median entry CD4 of 473 cells/ml (Table 1) . They had maintained viral load below 40 copies/ml for 2.8-12 years and had a median baseline viral load of 2.3 copies/ml. Five participants were intensified with RLG alone; the remainder added a protease inhibitor or NNRTI in addition to RLG. One participant (A190) withdrew shortly after study entry for personal reasons. There were no serious adverse events attributed to intensification or endoscopic biopsies.
Plasma HIV RNA Plasma HIV RNA was undetectable in all study participants using the standard Abbott assay, but was detectable in all participants using the high-volume HIV RNA assay with LOD of less than 0.5 copy/ml (S. Yukl, S. Gianella, E. Sinclair, et al., in preparation). Mean plasma viral loads ranged from 0.5 to 6 copies/ml, with a median of 2.3 copies/ml (Table 1) . Intensification resulted in no consistent decrease in plasma HIV RNA (Fig. 1a) .
Cell-associated HIV RNA and DNA in peripheral blood At baseline, unspliced HIV RNA was detectable in the blood of all participants, with a median of 44 copies/10 6 cells in PBMC and 280 copies/10 6 cells in peripheral CD4
þ T cells (S. Yukl, S. Gianella, E. Sinclair, et al., in preparation). There was no consistent change in Us HIV RNA in PBMC (Fig. 1b) or peripheral CD4 þ T cells (data not shown) during or following intensification. Cellassociated HIV DNA was detectable in the blood of all participants at baseline, with a median of 591 copies/10 6 cells in PBMCs and 6902 copies/10 6 cells in peripheral CD4 þ T cells. Two participants, A185 and A186, appeared to have a decrease in HIV DNA in both PBMC (Fig. 1c) and peripheral CD4 þ T cells (Fig. 1d ) during the period of intensification. In both participants, the decrease in HIV DNA in PBMCs was sustained after cessation of intensification (week 16), whereas the decrease in HIV DNA in CD4 þ T cells was almost completely reversed by week 16.
Cell-associated HIV RNA and DNA in gut At baseline, unspliced but not multiply-spliced HIV RNA could be detected in the majority of participants at each gut site (S. Yukl, S. Gianella, E. Sinclair, et al., in preparation). Since the yield of CD4 þ T cells varied between sites and time points, levels of unspliced HIV RNA/10 6 cells were normalized to CD4 þ T-cell content using the results from flow cytometry. From week 0 to week 12, five of seven participants had a decrease in unspliced RNA/10 6 CD4 þ T cells in the terminal ileum (Fig. 2b) . For the seven participants, the mean unspliced HIV RNA/10 6 CD4 þ Tcells in the ileum decreased from 3438 to 682 copies/10 6 CD4 þ T-cells ( Fig. 2a ; mean change: À2520 copies/10 6 CD4 þ T-cells; median change: À576). There was no consistent change in unspliced RNA in peripheral CD4 þ T-cells (mean change: À100 copies/10 6 CD4 þ T-cells), duodenum (mean change: 86), colon (mean change: 393), or rectum (mean change: 145).
At baseline, HIV DNA was detectable in each gut site in the majority of patients (S. Yukl, S. Gianella, E. Sinclair, et al., in preparation). Intensification resulted in no consistent decrease in HIV DNA/10 6 CD4 þ T-cells in the PBMC (mean change: 344 copies/10 6 CD4 þ T cells), ileum (mean change: À6580), colon (mean change: À1300), or rectum (mean change: À13260), though all participants had an increase in HIV DNA/10 6 CD4 þ T-cells in the duodenum (Fig. 2c) .
CD4 cell count and percentage
As measured by the clinical lab, five of seven participants had an increase in the peripheral CD4% (from mean of 29.43 to 30.57%; median change þ1%) from week 0 to 12, though there was no consistent change in absolute CD4 cell counts. Relative numbers of CD4 þ T cells (as a percentage of all cells and percentage of CD3 þ T cells) were also measured in isolated PBMC and suspensions of gut cells using flow cytometry. Six of seven participants had an increase in CD4 þ T cells (as percentage of all) in the terminal ileum (from mean of 1.93 to 2.85%; median change þ0.49%) and in the right colon (from mean of 2.55 to 3.85%; median change þ1.13%) but not other sites (Fig. 3a) . Five of seven participants had an increase in CD4% in the ileum (from mean of 27.46 to 33.52%; median change þ9.88%), whereas changes in other sites were less consistent (Fig. 3b) .
Activation of CD4
R and CD8 R T cells Intensification resulted in a trend towards decreased activation (CD38 þ , HLA-DR þ , and dualþ) of CD4 þ and CD8 þ T cells in all sites, which was greatest for CD38 þ and for CD8 þ T cells in the PBMC, ileum, and colon. Six of seven participants had a decrease in CD38 þ
T cells as percentage of CD8
þ T cells (Fig. 4b) 
Discussion
The effect of RLG-containing ART intensification on viral burden, T-cell reconstitution, and T-cell activation was investigated in seven chronically-infected HIVpositive men who had viral load below 40 copies/ml for a median of 6.7 years. Despite the limitations of study size and sampling, this study provided several pertinent findings. First, we confirmed the observation by others [1, 5, 8, 9, 19] that ART intensification does not reduce HIV RNA in the plasma, even though we intensified with one or two new agents and applied an assay with LOD of less than 0.5 copy/ml. This finding, coupled with sequencing studies that show no evidence of drug resistance and little evolution of the plasma RNA over time [2] [3] [4] , suggests that low-level plasma virus is not due to ongoing viral replication in circulating lymphocytes. Second, we extended these findings by showing that intensification results in no consistent change in cellassociated HIV RNA in either blood (PBMC or CD4 þ T cells) or in the duodenum, colon, or rectum. This finding suggests that most of the HIV RNA in the blood and many regions of gut is not the result of ongoing replication that can be impacted by short-term intensification with RLG-containing regimens. However, in the ileum, which has the highest baseline HIV unspliced RNA and RNA/DNA ratio, the unspliced RNA/10 6 CD4
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þ T-cells decreased in five of seven participants in conjunction with intensification. Supporting the interpretation that intensification affected viral production, we also observed a trend towards an increase in CD4 content in the ileum and a decrease in CD8 þ T-cell activation in the ileum and blood. Whereas several recent studies argue against productive infection in the blood of ARTsuppressed patients, other findings in ART-suppressed patients would be consistent with ongoing replication. These findings include the presence of 2-LTR circles and functional unintegrated HIV DNA [10, 11, 19] , the fact that there is more HIV DNA in activated CD4 þ T cells than resting CD4 þ T cells [12] , and the fact that immune activation remains high despite years of ART [13] . Moreover, ART intensification reduces the half-life of the latent reservoir [14, 17] , reduces plasma RNA [15] , increases CD4 þ cell counts [15, 16] , and reduces immune activation [15] [16] [17] [18] [19] .
Studies by ourselves and others have shown that HIV DNA per CD4 þ T cell is disproportionately concentrated (up to 10-fold higher) in the gut relative to peripheral blood [32] , which has been attributed to the presence of cryptic low-level ongoing replication in the gut [32] . If the much higher concentration of HIV DNA in gut CD4 þ T cells reflects substantial numbers of newly infected cells, one would expect a significant proportion of the HIV DNA to be in the labile unintegrated form. If intensification resulted in more complete suppression, one would expect that these labile forms would be cleared [33] . However, we found that intensification resulted in no consistent decrease in HIV DNA in the gut. The lack of change in gut HIV DNA with intensification suggests that most of this DNA represents latently infected cells, chronically infected cells, or defective provirus rather than the result of new infectious events that can be prevented by RLG.
In two participants (A185 and A186), there was a decrease in HIV DNA in both the PBMC and the peripheral CD4 þ T cells, which was reversed at week 16 in the CD4 þ T cells but not in the PBMC. This finding suggests that HIV DNA may have a different nature, origin, or stability in different cell types within the blood. Of note, Effect of RLG intensification on HIV in the gut Yukl et al. 2457 this proportion is similar to the proportion of patients undergoing RLG intensification who experienced transient rises in the concentration of 2-LTR circles, a finding which was attributed to recent infections aborted by RLG [19] .
Findings from this study raise new questions. If there is ongoing replication in the ileum, then why is a reduction in RNA not observed in the plasma? The simplest explanation is that the ileum contributes only a small fraction of the total HIV RNA that is measurable in the plasma, perhaps because there is relative compartmentalization (or delayed equilibration) between the two compartments or infection is aborted after local replication in the ileum. Other mechanisms, such as reactivation of latently-infected cells, release of virions captured on the follicular dendritic network, or chronic transcriptionally-active cells, could be responsible for the majority of residual HIV RNA in the blood. It is also unclear why ART intensification had differential effects in the four gut sites. Gut sites could differ in penetration of ART agents, immunologic environments, or the composition of CD4 þ T-cell populations. The ileum, which is an immune inductive site and is enriched for lymphoid aggregates, seems disproportionately involved in other inflammatory processes such as Crohn's disease and enteric infection with tuberculosis, Salmonella, and Yersinia. Close proximity of CD4 þ T cells in the lymphoid aggregates may create an environment that is more conducive to cell-to-cell spread of HIV [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . However, one must question whether low-level ongoing replication in the ileum has true consequences for HIV persistence and eradication strategies.
Limitations of our study must be acknowledged. First, we had a relatively small number of participants and were unable to sample extensively at all four gut sites. However, six to nine biopsies from each site were used to isolate gut cells, and the relative and absolute levels of HIV and immune markers were remarkably consistent from week 0 to 12. Second, there was some heterogeneity in baseline clinical characteristics, entry regimens, and intensification regimens, which may account for some of the differences in responses to intensification. Third, the period of intensification may have been too short relative to the clearance rate of virions or newly infected cells. Fourth, inflammation and microbial leakage from the biopsies could have confounded the results and could perhaps account for the observed increase in HIV DNA in the duodenum. Finally, all studies aimed to detect low-level replication suffer from the difficulty that such infectious events could occur in minute, temporally and spatially discrete foci [44] .
Despite these limitations, the results add to our understanding of the multiple mechanisms that contribute to the persistence of HIV in patients on ART. The lack of significant intensification-mediated changes in viral RNA in blood and most gut sites implies a process other than the classic model of ongoing replication, such as reactivation from latency or chronic persistence of virions and/or chronically infected, transcriptionally active cells. At the same time, the changes in immune activation and CD4 cell counts would be consistent with ongoing replication in some patients, either in the ileum or at another site. Future studies are needed to confirm the presence and site(s) of ongoing replication and to identify clinical and virological factors that may predict the contribution of ongoing replication to viral persistence. Whereas some patients may potentially derive benefit from intensification of ART, other strategies will be necessary for viral eradication.
